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The morphological growth of the midgut of the tobacco hornworm, 
Manduca sexta in relation to body surface area
Anna Frutiger ‘09 with Dr. Haruhiko Itagaki, Kenyon College Department of Biology, 43022
METHODS
Larval Rearing
Larval Manduca sexta were reared from eggs (Carolina Biological 
Supply, NC) on a prepared diet of both regular and dyed red food to assist 
in the visibility of the midgut (2 drops of dye per 3 g of food). Throughout 
the 5 instars of the Manduca’s growth period, 2-6 larvae were removed 
from their containers at each instar, and were starved in individual plastic 
containers for 4 hours. After this period of starvation, the red food was 
placed inside the individual containers for 24 hours for the Manduca to 
feed on. 
Embedding Protocol
After the 24-hour feeding period, the Manduca were
weighed and placed inside the freezer.  After 2-3 hours,
they were removed from the freezer. 4 bristles from a                    
paintbrush were placed in direct contact with the                            
caterpillar so that they could serve as a reference point
when the sections were later analyzed. The larvae were
then embedded individually using Histoprep and dry ice 
to freeze them in a vertical position on a stub (Figure 2).
Sectioning and Image Acquisition A 
cryostat kept at -20°C was used to make transverse sections of each 
larva at 50µm thikness.  Each section was placed on a gel-coated slide in 
the order that the sections were taken. Each of these sections was 
digitized using a Zeiss Stemi 2000C stereomicroscope equipped with a 
Canon digital camera and polarization optics.
Image Analysis
Once these images were taken, they were imported into an NIH 
image program, followed by a program in MAPLE, where the 
complementary mathematical analysis was performed on them by Jim 
Boston ‘09 with the help of Dr. Judy Holdener. Data points on the boundary 
of the surface of each section were used to construct a parametric model 
of the boundary curve on 15 of the sections taken. The start of a 
parametric model based on the closed boundary curve was used to begin 
finding a parametric model of the Manduca body and gut surfaces.  The 
center points for each section were used to determine a space curve that 
served as the “generating curve” for the body surface.  
RESULTS
•Twenty-eight Manduca sexta tobacco hornworms were sectioned 
throughout the course of the 5 instars (2765 total sections). 
•NIH image and MAPLE software programs were used to produce 
a parameterization equation of both the midgut and the surface 
area in a 3rd instar Manduca sexta.
•The general equation for each cross section was found to be:
•The parametric models of the surface area were constructed so 
that the data fit the sinusoidal curve of the form:
•This equation and the equations for the surface areas of the 
individual sections were used to find the beginning of a parametric 
model of the Manduca body surface. 
•Because this work is still in the early stages, a complete 
parameterization of a Manduca sexta was not completed. Much of 
what was accomplished was preliminary research. 
•Of the sections that were analyzed, parameterizations of both the 
surface area and the midgut were calculated (Figure 3).
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ABSTRACT
The idea of a universal scaling relationship is one that is 
constantly being explored to help understand many functions 
of several different organisms.  This study investigated the 
relationship between midgut growth and body surface area 
using the tobacco hornworm, Manduca sexta as a model 
organism. Twenty-eight lab-reared Manduca sexta were 
embedded and sectioned using a cryostat throughout the 
course of their growth.  A total of 2765 sections were taken and 
digitized. Fifteen of these transverse sections were 
mathematically analyzed to produce a parameterization 
equation of both the surface area and the midgut.  Because 
this work is still in the early stages, a complete 
parameterization of a Manduca was not completed, however 
the results show promise that will hopefully provide the answer 
to whether or not a universal scaling relationship exists.
INTRODUCTION
•An animal’s size affects multiple aspects of its characteristics 
including its anatomy, physiology and behavior7.  
•The relationship between body weight (BW) and metabolic 
rate (MR) is related by the equation MR=a(BW)b with b being 
the experimentally determined exponent2.
•The exponent, b, has been found to equal 0.67 according to 
the surface hypothesis theory developed by Max Rubner 
(1883)6.  However, metabolic rates across different species of 
animals tend to show a value of b to be closer to .75. This 
gives rise to the question regarding the existence of a 
universal scaling relationship between body mass and 
metabolic rate1,4,9,10. 
•The larva of the tobacco hornworm, Manduca sexta, is a 
model organism for studying this relationship of metabolic rate 
and body mass in a single species. This larva grows 
exponentially, increasing in weight 10,000-fold, and going 
through 5 instars (molt phases) in only 16 days3 (Figure 1). 
•By focusing on the morphology of 
the midgut, we can compare it to the
body mass and overall body surface 
area in those caterpillars whose 
metabolic rates have been measured. 
•The growth of the midgut can also be
compared to the growth of the body surface area, which can 
help determine the scaling relationships over the course of 
development. 
Figure 2: Partially 
embedded 2nd instar.
DISCUSSION
From the amount of data collected, we are now able to continue 
working on the project with the hopes that the validity of the 
surface area approximations will be able to create a “virtual 
hornworm” from the parameterization.  The start of this “virtual 
hornworm” was begun as a series of 15 individually parameterized 
sequential sections that were used to form a basic model (Figure 
4).  After this basic modeling process is completed, we will later be 
able to observe the changes in the midgut in comparison to the 
changes in the surface area. Although there is currently not 
enough data analysis at this point in time to make a conclusion as 
to whether the growth of the Manduca sexta tobacco hornworms is 
allometric or isometric, it is an excellent start to the beginning of a 
project that will hopefully provide answers to the question of 
whether or not a universal scaling relationship exists. 
Figure 3: Digitization and parameterization of a 3rd instar 
Manduca sexta. Digitization image, work of Anna Frutiger ‘09. 
Parameterization image, work of Jim Boston ‘09.
QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
Figure 4: “Virtual model” of a 
3750 µm 3rd instar Manduca 
sexta section. Work done by 
Jim Boston  ’09.
Image from http://entomology.unl.edu/k12/
caterpillars/hornworm/hornwormpage.html
Figure 1: Growth of Manduca larvae. 
Image from: http://www.staff.uni-
Marburg.de/~dolzer/mas_pics.html
